The filamentous fungus Neurospora crassa possesses two nonhomologous high-affinity phosphate permeases, PHO-4 and PHO-5. We have isolated separate null mutants of these permeases, allowing us to study the remaining active transporter in vivo in terms ofphosphate uptake and sensitivity to inhibitors. The specificity for the cotransported cation differs for PHO-4 and PHO-5, suggesting that these permeases employ different mechanisms for phosphate translocation. Phosphate uptake by is stimulated 85-fold by the addition of Na+, which supports the idea that PHO-4 is a Na+-phosphate symporter. PHO-5 is unaffected by Na+ concentration but is much more sensitive to elevated pH than is PHO-4. Presumably, PHO-5 is a HI-phosphate symporter.
Active transport of solutes by a symport mechanism is common in both prokaryotes and eukaryotes. Symport, or cotransport, is a way of concentrating one solute against its thermodynamic gradient by coupling with transport of a second solute. The latter must have sufficient free energy from a downhill concentration gradient and/or favorable membrane potential to drive the energy-requiring transport of the first solute. Animals rely on a Na+ gradient to drive transport of various solutes, whereas bacteria, plants, and fungi use a H+ gradient (1) . A number of exceptions have been reported in which bacterial symporters, like those of animals, can use Na+ (2) . However, we have found no reports of Na+-solute symporters in plants, and only a single previous example in which Na+ might be used for symport in fungi (3) . In accord with the recent finding of a relatively close evolutionary link between animals and fungi (4), it seems plausible that Na+ symport may also exist in fungi but has not previously been observed because of the routine use of Na+-containing solutions. We now report that this appears to be the case for at least one transporter in the filamentous fungus Neurospora crassa.
Previous studies indicated that a high-affinity phosphate permease is encoded by the pho-4+ gene (5) . An additional high-affinity phosphate permease, encoded by the pho-5+ gene, has been recently cloned and disrupted (6) . The double mutant pho-4;pho-5 is unable to grow under restrictive conditions of high pH and low phosphate, indicating thatpho-4+ andpho-5+ together are responsible for phosphate-repressible phosphate transport in the wild type. A computer search of the sequence data base for proteins with significant homology to the predicted PHO-5 protein turned up the phosphate-repressible high-affinity phosphate permease of Saccharomyces cerevisiae, PH084. PHO-5 and PH084 have 48% amino acid sequence identity. There is no significant similarity between the predicted amino acid sequences of PHO-4 and PHO-5 (6). However, PHO-4 has about 25% identity with both the gibbon ape leukemia virus receptor GLVR1 and the murine ampho-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. tropic retrovirus receptor RAM1 (7, 8) . On the basis of these similarities, Kavanaugh etal. (9) examined RAM1 and GLVR1 for their role in phosphorus metabolism and have recently identified them as Na+-phosphate symporters. We have characterized the kinetics of phosphate uptake in each of the mutants and determined that one of these high-affinity phosphate permeases is a Na+-phosphate symporter and the other is not.
MATERIALS AND METHODS
N. crassa Strains. To provide reproducible, high levels of phosphate acquisition enzymes, all of the strains used in this study contained a mutation, pregc, that makes them nonrepressible. Null alleles ofpho-4,pho-5, and nuc-1 were obtained by the repeat-induced point mutations (RIP) process (10) .
Media. Fries' medium was described by Beadle and Tatum (11) . It contains 7.35 mM inorganic phosphate. High-pH, low-phosphate medium, described by Metzenberg and Chia (12) , is similar but is maintained at pH 7.2 by the presence of 100 mM Na Mops buffer and KH2PO4 is lowered to 50 ,uM; the resulting deficit of K+ ions is made up with equimolar KCI. Low-Na+ medium contains 7.38 mM KCl, 2.03 mM MgSO4, biotin (5 ng/ml), and trace elements as described by Vogel (13) . The pH is held at 7.2 with 50 mM NH4 Mops buffer. Phosphate and sucrose were added as required. Great care was taken to limit Na+ contamination; glassware was avoided at all times and reagents were recrystallized as needed. KOH, which invariably contains appreciable Na+, was not used for buffer preparation. Instead, NH40H was used to bring Mops to the desired buffering pH. The NH40H was distilled through a plastic apparatus assembled for the purpose. The final Na+ concentration was 5.6 ,uM as determined by mass spectrometry, and it was found retrospectively that more than half of this was present in the distilled water itself.
Phosphate Uptake. Phosphate uptake assays were conducted as follows: conidia from 5-day-old cultures, germinated for 6 hr at 25°C with agitation in Fries medium containing 1% sucrose, were harvested by filtration, washed with ice-cold 20 mM KCl, and suspended in ice-cold uptake medium (2 x 106 germlings per ml). Uptake medium, unless specifically stated, was high-pH, low-phosphate medium with phosphate and carbon sources omitted. Aliquots of the germling suspension (10 ml) were preincubated at 25°C for 4 min before addition of [32P]orthophosphate to the desired concentration. After 4 min, germlings were harvested by filtration, washed with 20 mM KCI, and transferred to scintillation vials containing 10 ml of 0.1 M NaOH. Phosphate uptake was determined by Cerenkov radiation. Michaelis-Menten parameters were determined by nonlinear least-squares regression analysis. Fitted parameters are reported as the mean of four independent experiments ± SEM. To normalize samples, we harvested equivalent aliquots of germlings and incubated them in 2 ml of 0.1 M NaOH at 70°C for 2 hr. The absorbance of supernatants of the lysates was measured at 260 nm, and total nucleic acids were calculated from an absorptivity coefficient of 0.025 cm2/p.g.
*To whom reprint requests should be addressed. conditions of high pH and low phosphate (12) and found that growth was inhibited significantly by the presence of 30 mM Li'. In the Li'-containing medium, substitution of K+ for all of the Na+ normally present in the medium resulted in complete inhibition of growth. The exception was that strains containing a pho-4 null allele were still able to grow (Fig. 2) . Since Li' functions as a toxic analog of Na+ in many transport systems, it seemed probable that PHO-4 normally transports Na+ in addition to phosphate and that the resistance ofpho-4 to Li+ is due to its inability to transport Li+. Indeed, inhibition of growth of pho-4+ strains by Li' can be overcome by the presence of Na+, but not by K+ (Fig. 2) . The growth ofpho-4 in the presence of Li' is, however, further enhanced by the simultaneous presence of Na+, suggesting that Li' can enter the cell, at least slowly, via carriers other than PHO-4, and that Na+ can compete with it (Fig. 2) .
Effect of Na+ Concentration on Phosphate Uptake. To determine whether Na+ might play a role in the active transport of phosphate in N. crassa, we tested the effect of Na+ concentration on the uptake of [32P]orthophosphate in the pho-4 and pho-5 strains. We found that phosphate uptake by PHO-5 (i.e., in the pho-4 strain) was independent of the Na+ concentration in the assay medium (data not shown). In contrast, phosphate uptake by PHO-4 (i.e., in thepho-5 strain) was almost negligible in medium containing the lowest attainable Na+ concentration (described in Materials and Methods) and was stimulated 85-fold by increasing the Na+ concentration to 25 mM (Fig. 3) . No significant increase in phosphate uptake occurred when K+ was added instead of Na+. This result suggests that phosphate uptake by PHO-4 is driven by Na+ symport.
We altered the assay conditions so that we could monitor phosphate uptake by PHO-4 under growth conditions-that is, in the presence of a carbon source (1% sucrose) for much longer periods (up to 5 hr). Phosphate accumulation was linear from 10 min to 5 hr regardless of Na+ concentration, but the rate of phosphate uptake was 4-fold greater in the presence of 25 mM Na+ than in the absence of added Na+ (Fig. 4) . This result, obtained under growth conditions, also suggests that phosphate uptake by PHO-4 is driven by Na+, but that under conditions where Na+ is essentially absent, phosphate uptake must instead be driven by a less-favored cation, presumably HW. It would be desirable to show that phosphate uptake is driven by Na+ symport by measuring phosphate-dependent Na+ uptake as well. Unfortunately, a relatively high concentration of Na+ is required for maximal uptake of phosphate, and other mechanisms of Na+ uptake are also probably present (see Fig. 2 ). Simple calculations indicate that an unacceptably large amount of 22Na+ would be needed to give sufficient external Na+ concentration at a high enough specific activity for phosphate-dependent Na+ uptake to be detected directly. Effect of Extracellular pH on Phosphate Uptake. The effect of pH on enzyme activities is extremely complex, especially when the substrate is sensitive to pH. However, we wanted to assess the effect of extracellular pH on phosphate transport by PHO-4 and PHO-5 from a physiological point of view rather than a strictly biochemical one. Therefore, we measured phosphate uptake by each mutant under conditions of constant Na+ and phosphate concentrations at three pH values: 7.2, 7.6, and 8.0 (Fig. 5) . Phosphate uptake by PHO-4 decreased only 3.3-fold as pH was increased from 7.2 to 8.0 PHO-5 activity, however, decreased nearly 100-fold over the same pH range. Even if H2PO4-is the only ionic form of phosphate transported by PHO-5, this pH change would only account for a 4.3-fold change in its concentration. Therefore, the effect of pH on PHO-5 activity is likely to be complex and not explainable solely on the basis of H2PO4 concentration.
DISCUSSION
The derepressible, high-affinity phosphate transport system of N. crassa consists of two phosphate permeases, PHO-4 and PHO-5. Interestingly, the analogous phosphate transport systems of both Escherichia coli and S. cerevisiae each consist of only one permease (17, 18) . This raised the question of why N. crassa has two enzymes with seemingly identical functions. One explanation, that of a simple gene duplication, can be ruled out because PHO-4 and PHO-5 do not share significant sequence similarity. Therefore, it seemed likely that PHO-4 and PHO-5 have distinct biological roles in the acquisition of phosphate. The aim of this study was to identify these roles. At pH 7.2, the Km for phosphate uptake by PHO-4 is 14-fold lower than that of PHO-5. In addition, PHO-4 activity is only mildly diminished when the extracellular pH is increased to 8.0, whereas PHO-5 activity decreases nearly 100-fold over the same pH range. Thus at pH values of 8.0 and greater, PHO-4 provides most, if not all, of the phosphate uptake for N. crassa. In view of the fact that N. crassa is often found growing on burnt vegetation, an environment which is likely to be both alkaline and low in phosphate, we suggest that the primary role of PHO-4 is to provide phosphate transport under these demanding conditions. The probable role of PHO-5, then, is to provide high rates of phosphate uptake when N. crassa is grown under conditions of low phosphate and pH near neutrality.
The apparent ability of PHO-4 to drive transport of phosphate in symport with Na+ while PHO-5 is presumably a strict H+-phosphate symporter makes sense, at least teleologically, in view of the proposed biological roles for these transporters. Protons are, by definition, scarce under alkaline conditions. The ability of PHO-4 to drive transport of phosphate with either Na+, H+, or Li+ is strikingly similar to the ability of the melibiose carrier of E. coli to use these three cations (19) . However, so far as we know, PHO-4 represents the first example of a transporter capable of Na+-driven transport in an organism outside the animal and bacterial kingdoms.
N. crassa grows by extending highly branched filaments into its substrate. The low Km for PHO-4 activity would have the obvious benefit under extreme phosphate shortage of allowing enough growth to bring the growing tips into a potentially richer environment. However, the high affinity of PHO-4 for phosphate appears to be bought at the cost of a decrease in specificity. A comparison of the relative inhibition by arsenate-that is, Ki vs. Km-indicates that PHO-4 activity is inhibited by arsenate to a greater degree than that of PHO-5. In addition, PHO-4 activity can be competitively inhibited by vanadate, whereas PHO-5 activity is essentially unaffected. Thus PHO-4 has high affinity for phosphate but is also less discriminating between phosphate and its analogs than is PHO-5. It is not obvious whether this is important in a natural setting.
The difference between PHO-4 and PHO-5 in their sensitivity to vanadate may, however, also reflect a difference in their mechanism of phosphate translocation. Vanadate is generally thought to be a transition-state analog of phosphate that specifically inhibits enzymes that form a covalent phosphoryl enzyme intermediate (20, 21 
